Receptor tyrosine kinases (RTKs) play a pivotal role in embryonic development and in hematopoiesis. Extracellular binding of a ligand to its respective RTK induces dimerization followed by intracellular signaling. 1 The amplitude and duration of RTK signaling are tightly controlled; termination of RTK signaling occurs by receptor ubiquitination, internalization, and degradation. [2] [3] [4] Ubiquitination requires an E3 ubiquitin ligase, which leads to the covalent attachment of the ubiquitin molecule to the target protein. 5, 6 Cbl proteins are RING domain-based E3 ligases with 3 mammalian homologs; c-Cbl, 7 and Cbl-c. 8 c-Cbl consists of a tyrosine kinase binding domain, a linker domain, a RING finger, a proline-rich region, and finally a ubiquitin-associated domain overlapping with a leucine zipper motif. 9 The highly conserved Cbl RING finger domain possesses E3 ligase activity and recruits E2 enzymes for the transfer of ubiquitin to substrates. [10] [11] [12] It has been shown that Cbl directs monoubiquitination and polyubiquitination on multiple sites of RTKs, for example, for epidermal growth factor receptor (EGFR) and platelet-derived growth factor receptor (PDGFR), which then leads to internalization and degradation in the lysosomes. 2, 13, 14 Mutations in either the tyrosine kinase binding domain, linker, or RING finger domain of Cbl result in dysregulation of RTKs. [15] [16] [17] Most of these mutants are thought to act in a dominant-negative manner by competing with the wild-type receptor. V-Cbl, a mutant form of Cbl, has been found in Cas NS-1 retrovirus as a fusion protein. It lacks the C-terminus part of wild-type c-Cbl and can induce pre-B-cell lymphomas and leukemia in mice. 18 Cbl-70Z is a 17-amino acid deletion mutant (at the boundary of the linker and RING finger domain) isolated from 70Z/3 mouse pre-B-cell lymphoma. 17 We recently identified the first c-Cbl oncogenic mutation in human disease in an acute myeloid leukemia (AML) patient, called Cbl-R420Q, and analyzed the role of this Cbl mutant in Flt3 signaling. 19 Cbl-R420Q and Cbl-70Z were able to confer interleukin-3 (IL-3)-independent growth to the 32Dcl3 cell line in the presence of wild-type Flt3 receptor. 19 Subsequently, several other Cbl mutations were found in AML patients. [20] [21] [22] [23] [24] Cbl proteins are not only important for RTK signal termination; they also mediate positive RTK signaling events to downstream effectors. Cbl has been shown to bind to signaling molecules, including the Src family kinases. 25, 26 Cbl has also been shown to bind to several RTKs, including the Kit receptor. Kit is a member of class III RTK family, structurally related to PDGFR, having 5 immunoglobulin-like domains, a single transmembrane helix, a cytoplasmic juxtamembrane domain, and split kinase domain. [27] [28] [29] Gain-of-function mutations in Kit can lead to a malignant disease, including gastrointestinal stromal tumors and leukemia. 27, 30, 31 In AML, Kit involves mutations at residue 816, which is encoded by exon 17. [32] [33] [34] Cbl binds to Submitted November 30, 2008; accepted July 12, 2009. Prepublished online as Blood First Edition paper, September 4, 2009; DOI 10.1182 DOI 10. /blood-2008 *S.R.B. and C.B. contributed equally to this study.
Introduction
Receptor tyrosine kinases (RTKs) play a pivotal role in embryonic development and in hematopoiesis. Extracellular binding of a ligand to its respective RTK induces dimerization followed by intracellular signaling. 1 The amplitude and duration of RTK signaling are tightly controlled; termination of RTK signaling occurs by receptor ubiquitination, internalization, and degradation. [2] [3] [4] Ubiquitination requires an E3 ubiquitin ligase, which leads to the covalent attachment of the ubiquitin molecule to the target protein. 5, 6 Cbl proteins are RING domain-based E3 ligases with 3 mammalian homologs; c-Cbl, Cbl-b, 7 and Cbl-c. 8 c-Cbl consists of a tyrosine kinase binding domain, a linker domain, a RING finger, a proline-rich region, and finally a ubiquitin-associated domain overlapping with a leucine zipper motif. 9 The highly conserved Cbl RING finger domain possesses E3 ligase activity and recruits E2 enzymes for the transfer of ubiquitin to substrates. [10] [11] [12] It has been shown that Cbl directs monoubiquitination and polyubiquitination on multiple sites of RTKs, for example, for epidermal growth factor receptor (EGFR) and platelet-derived growth factor receptor (PDGFR), which then leads to internalization and degradation in the lysosomes. 2, 13, 14 Mutations in either the tyrosine kinase binding domain, linker, or RING finger domain of Cbl result in dysregulation of RTKs. [15] [16] [17] Most of these mutants are thought to act in a dominant-negative manner by competing with the wild-type receptor. V-Cbl, a mutant form of Cbl, has been found in Cas NS-1 retrovirus as a fusion protein. It lacks the C-terminus part of wild-type c-Cbl and can induce pre-B-cell lymphomas and leukemia in mice. 18 Cbl-70Z is a 17-amino acid deletion mutant (at the boundary of the linker and RING finger domain) isolated from 70Z/3 mouse pre-B-cell lymphoma. 17 We recently identified the first c-Cbl oncogenic mutation in human disease in an acute myeloid leukemia (AML) patient, called Cbl-R420Q, and analyzed the role of this Cbl mutant in Flt3 signaling. 19 Cbl-R420Q and Cbl-70Z were able to confer interleukin-3 (IL-3)-independent growth to the 32Dcl3 cell line in the presence of wild-type Flt3 receptor. 19 Subsequently, several other Cbl mutations were found in AML patients. [20] [21] [22] [23] [24] Cbl proteins are not only important for RTK signal termination; they also mediate positive RTK signaling events to downstream effectors. Cbl has been shown to bind to signaling molecules, including the Src family kinases. 25, 26 Cbl has also been shown to bind to several RTKs, including the Kit receptor. Kit is a member of class III RTK family, structurally related to PDGFR, having 5 immunoglobulin-like domains, a single transmembrane helix, a cytoplasmic juxtamembrane domain, and split kinase domain. [27] [28] [29] Gain-of-function mutations in Kit can lead to a malignant disease, including gastrointestinal stromal tumors and leukemia. 27, 30, 31 In AML, Kit involves mutations at residue 816, which is encoded by exon 17. [32] [33] [34] Cbl binds to Kit directly 35 and indirectly via Grb2. 36 Cbl is known to be phosphorylated by Src family kinases (SFKs) 37, 38 and mediates ubiquitination 35 of the Kit receptor on activation. The role of Cbl in Kit signaling in the context of leukemia is not well understood.
Here, we found that mutant Cbl proteins, Cbl-R420Q and Cbl-70Z, displayed in vitro transforming activity for myeloid cells that was dependent on the presence of Kit. These Cbl mutants altered internalization, ubiquitination, and downstream signaling of the Kit receptor. Surprisingly, we found that kinase activity of Kit and Flt3 was not required for the transformation of Cbl-70Z. We were able to show the contribution of Src family kinases for this synergistic transformation of Cbl-70Z and kinase-dead (KD) forms of Kit and Flt3. These data suggest a kinase-independent role of Kit and Flt3 for Cbl-dependent cellular functions. Retroviral expression of Cbl mutants in transplanted bone marrow induced a generalized mastocytosis, a myeloproliferative disease and, in rare care cases, myeloid leukemia. To our knowledge, this is the first report of an in vivo model investigating the role of Cbl mutations in malignant transformation. These results point toward their critical role in preventing RTK signaling termination.
Methods

Reagents and antibodies
Recombinant human Flt3 ligand (FL), murine stem cell factor (SCF), and murine IL-3 were purchased from PeproTech. Polyclonal rabbit antiphospho-Erk-1/2, anti-phospho-Kit (Tyr-719), anti-phospho-Src family (Tyr-416), anti-phospho-c-Cbl (Tyr-731), and anti-phospho-Akt antibodies were obtained from Cell Signaling Technology. The antibodies for Kit, Flt3, HA-tag, signal transducer, and activator of transcription 5a/b (anti-STAT5a/ b), Src, Yes, Fyn, Lyn, Hck, and Lck were purchased from Santa Cruz Biotechnology. The mouse monoclonal anti-c-Cbl antibody was obtained from BD Biosciences. Antibodies for anti-Erk-1/2 and anti-phosphoSTAT5a/b were purchased from Upstate Biotechnology. The mouse monoclonal antiactin antibody was purchased from Sigma-Aldrich. Phycoerythrin (PE)-labeled murine anti-Kit antibody was obtained from BD Biosciences PharMingen. The Src family inhibitors PP-1 and PP-2 and the Akt inhibitor 124005 were purchased from Calbiochem. Dasatinib was obtained from Bristol-Myers Squibb and imatinib from L C Laboratories. The PI3-kinase (PI3K) inhibitor LY294002 was purchased from Cell Signaling Technology.
Cell lines
The 32Dcl3 and COS-7 cell lines were cultured as described previously. 19 To generate stable cell lines, 32D cells were electroporated with 10 g of pAL Kit-WT, pAL Kit-D790N (Kit-KD), or pAL Flt3-K644A (Flt3-KD) together with 1 g of pMAM/BSD (Kaken Pharmaceutical) as selection marker in 0.4-cm cuvettes at 280 V and 975 F. Cells were selected with 15 g/mL blasticidin (Invitrogen) in IL-3-supplemented culture. Later these cells were infected with retroviral supernatants of pMY Cbl-R420Q, pMY Cbl-70Z, or pMY (empty vector). Transduced cells were sorted with the help of green fluorescent protein marker using flow cytometry. To avoid possible clonal selection, at least 2 bulk cultures were generated for each cell line. All cell lines were maintained as previously described. 19 
Retrovirus preparation
Platinum-E ecotropic packaging cells 39 and NIH3T3 cells were maintained in Dulbecco modified Eagle medium (Invitrogen) supplemented with 10% fetal calf serum (FCS). Platinum-E cells were transiently transfected using Lipofectamine 2000 (Invitrogen), and retroviral stocks were collected twice at 12-hour intervals beginning 24 hours after transfection. Retrovirus was titered by transduction of 5 ϫ 10 4 NIH3T3 cells with serial dilutions of retrovirus in the presence of 4 g/mL polybrene (Sigma-Aldrich). Percentage of infected cells was determined by flow cytometric analysis of enhanced green fluorescent protein (EGFP) expression after 48 hours. The titer was calculated and tested for the presence of replication-competent viral particles by transferring supernatant onto NIH3T3 cells. The NIH3T3 cells were subsequently analyzed for EGFP expression by fluorescenceactivated cell scanner (FACS) analysis.
Transduction and transplantation of murine bone marrow
Murine bone marrow was harvested from female Balb/C donor mice 4 days after injection of 150 mg/kg 5-fluorouracil (Ribosepharm) and prestimulated overnight in Iscove modified Dulbecco medium/20% FCS supplemented with growth factors (10 ng/mL murine IL-3 [mIL-3], 10 ng/mL mIL-6, 50 ng/mL mSCF). Cells were transduced by 4 rounds of spin infection (1200g, 32°C, 90 minutes) every 12 hours in retroviral supernatant supplemented with growth factors and 4 g/mL polybrene (SigmaAldrich). Retroviral experiments were performed using the murine stem cell virus-based retroviral construct pMY. 40 Subsequently, cells were resuspended in Hanks balanced salt solution (Sigma-Aldrich) and injected into the tail vein of lethally irradiated (8 Gy) female Balb/C recipient mice. Transplanted animals were monitored for signs of disease development and by serial measurement of peripheral blood counts. All procedures were reviewed and approved by the University of Frankfurt supervisory animal care committee.
Flow cytometric immunophenotyping (FACS analysis)
Single-cell suspensions of indicated tissue samples were prepared, and red blood cells of peripheral blood were lysed before analysis. Cells were subsequently stained with PE-conjugated anti-CD117 (Kit), anti-CD11b (Mac-1), anti-Gr-1, anti-CD45R/B220, or anti-CD3 antibodies. All antibodies were purchased from BD Biosciences PharMingen.
Ubiquitination assays and immunoprecipitations
COS-7 cells were transfected transiently with the indicated constructs together with a plasmid for HA-tagged ubiquitin (Ubq) using Nanofectin according to the manufacturer's protocol. At 48 hours after transfection, cells were serum starved for 12 hours and then stimulated with 50 ng/mL SCF for 10 minutes. Cells were lysed as described before. 19 For immunoprecipitation, cell lysates were incubated with goat polyclonal antibody against murine Kit and with protein A/G-Plus-Sepharose. The immunoprecipitates were washed 3 times with lysis buffer. Immunoprecipitates as well as total lysates were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoreses (SDS-PAGE) and probed with anti-HA (anti-Ubq) or anti-Kit antibodies. Immunoprecipitations and Western blot analyses were performed as described previously. 19 
Analysis of cell growth
The 32D cells expressing the indicated constructs were washed twice and resuspended in RPMI 1640 with 10% FCS alone or supplemented with the indicated growth factors or with inhibitors at 2 ϫ 10 5 cells/mL. Viable cells were determined by trypan blue exclusion and were counted daily.
[H]-thymidine incorporation
A total of 3 ϫ 10 4 cells were starved from IL-3 in 10% FCS for 12 hours, subsequently placed in the presence of indicated cytokines, nothing, or either 15 M of PP-1 or PP-2. After 6 hours of incubation at 37°C with 5% CO 2 , 0.037 MBq (1 Ci) 3 [H]-thymidine was added to each well, cells were harvested after incubation of 15 hours, and DNA was analyzed with scintillation counter. Experiments were repeated at least 3 times.
Site-directed mutagenesis
To generate Kit KD (Kit-D790N), aspartic acid 790 of Kit-WT was replaced with asparagine (confirmed by sequencing), using mutagenesis Kit (Stratagene).
Internalization assays
Internalization assay was as described before 19 ; briefly, 32D or COS-7 (5 ϫ 10 5 ) cells expressing indicated constructs were incubated with SCF for the indicated time points. Internalization of the receptor was stopped by adding ice-cold PBS containing 0.4% sodium azide. After washing, the cells were stained with PE-labeled anti-Kit antibody and fluorescence intensity was analyzed by flow cytometry.
Clonal growth in methylcellulose
Clonal growth was performed as described previously. 41 Briefly, stably transfected 32D cells expressing Kit-WT or Kit-KD with the indicated Cbl constructs were seeded at a concentration of 10 3 cells/dish in the absence of any growth factors. The assays were plated as triplicates, and colonies were photographed and counted on day 6.
Results
Cbl mutants (Cbl-R420Q and Cbl-70Z) confer ligand-independent growth in cooperation with Kit Recently, we published the role of 2 dominant-negative Cbl mutants, Cbl-R420Q and Cbl-70Z, in Flt3 signaling. 19 Because early hematopoietic stem cells and leukemic progenitor cells express high levels of the Kit receptor tyrosine kinase, we were interested to analyze whether dominant-negative Cbl proteins would synergize with this receptor. First, we generated IL-3-dependent 32D cell lines stably expressing Kit (Kit-WT) and/or Cbl mutants and analyzed proliferation and viability in the presence or absence of the Kit ligand SCF.
Interestingly, cells expressing either Cbl mutant in the presence of Kit-WT rapidly proliferated in the absence of exogenous SCF or IL-3 ( Figure 1A ). However, in the absence of Cbl mutants, cells coexpressing Kit-WT alone proliferated only in the presence of SCF (data not shown). Proliferation was more pronounced in the cells coexpressing Cbl-70Z and Kit-WT compared with cells coexpressing Cbl-R420Q and Kit-WT. Cultures expressing one of the Cbl mutants with Kit-WT survived for extended time periods in the absence of any growth factors ( Figure 1B) . Importantly, 32D cells expressing either of the Cbl mutants or Kit-WT alone were not able to proliferate ligand-independently and survived for a shorter duration ( Figure 1B) .
Finally, we analyzed the effect of Cbl mutants on IL-3-independent and SCF-dependent proliferation in 3 [H]-thymidine incorporation assays. Coexpression of Cbl mutants with Kit-WT induced a pronounced proliferative growth advantage in the absence of SCF, and this growth was further enhanced after SCF stimulation ( Figure 1C ). Neither Cbl-R420Q-nor Kit-WTexpressing cells led to SCF-independent growth. Cells expressing Cbl-70Z alone showed a moderate growth advantage, 42 which was only for a short duration ( Figure 1A -B). Coexpression of Cbl-WT with Kit-WT did not show any effect on proliferation (data not shown).
To further investigate the transforming potential of the 2 mutant Cbl proteins, we examined their ability to confer clonogenic 
Cbl mutants induce a generalized mastocytosis and a myeloproliferative disease in a murine bone marrow transplantation model
To investigate the transforming capability of different Cbl mutants in vivo, we generated murine ecotropic retrovirus (pMY) expressing Cbl-R420Q, Cbl-70Z, or empty vector. We used a bicistronic retroviral vector coexpressing the Cbl mutants together with the EGFP via an internal ribosomal entry site. 40 Bone marrow was transduced with each retrovirus at a titer of 4 ϫ 10 5 retroviral particles per milliliter and analyzed by flow cytometry for EGFP expression, and the total cell number was determined. A total of 150 000 EGFP ϩ cells was injected into the tail vein of lethally irradiated (8 Gy) female Balb/C recipient mice. Initial control experiments showed a similar level of expression between Cbl-R420Q and Cbl-70Z (data not shown).
Almost all recipients of bone marrow cells transduced with Cbl mutants developed a lethal hematologic disorder with a mean latency of 341 days in the Cbl-R420Q group and 395 days in the Cbl-70Z group (Figure 2A ,C). Eleven of 13 mice in the Cbl-R420Q group and 8 of 11 mice in the Cbl-70Z group died. Two animals in the Cbl-R420Q group died of a "myeloid leukemia with maturation," matching all 5 criteria for nonlymphoid leukemia of the Bethesda proposals. 43 Figure 1D ).
Importantly, all the animals in the Cbl-R420Q and Cbl-70Z group showed a diffuse organ infiltration (spleen, liver, bone marrow, lung, kidney, heart) of mast cells with a very variable range of mast cell infiltration ( Thus, bone marrow transplantation of cells expressing Cbl mutants led to a generalized mastocytosis (in extreme cases mast cell sarcoma), a myeloproliferative disorder, and myeloid leukemia with a long latency and at high penetrance.
Cbl mutants inhibit ubiquitination and internalization of ligand-activated Kit
The observation that Flt3 and Kit proteins cooperated with Cbl mutants to transform myeloid cells in vitro and in vivo prompted us to study the underlying mechanisms. First, we analyzed the physical interaction between the Cbl and Kit proteins. Immunoprecipitation of overexpressed HA-tagged c-Cbl resulted in immunocomplexes that also contained Kit ( Figure 4A ). The association of Cbl mutants with Kit was enhanced by the presence of SCF. A consistent association of Cbl-70Z with Kit receptor was noticed in the absence of ligand ( Figure 4A ).
Under physiologic conditions, ligand activation of RTKs induces receptor internalization and degradation, which are important for RTK signal mitigation. Cbl proteins play an important role in these processes. 9,44,45 Therefore, we analyzed whether Cbl mutants could abolish ubiquitination of the activated Kit receptor. COS-7 cells were transiently transfected with Kit-WT and HAtagged Ubq in the presence or absence of Cbl mutants to study the ubiquitination. Kit was effectively ubiquitinated in the presence of endogenous Cbl after stimulation with SCF ( Figure 4B ), but the presence of Cbl-R420Q completely abolished ubiquitination of the activated receptor. Cbl-70Z also repressed ubiquitination, but not to the same extent as Cbl-R420Q. The expression of the Kit receptor and the Cbl mutants was similar in all the cases.
As ubiquitination often leads to endocytosis of the activated receptor, [2] [3] [4] we examined the effect of Cbl mutants on endocytosis of activated Kit receptor in 32D and COS-7 cells to avoid cell type-specific effects on endocytosis. Cells transfected with Kit-WT in the presence or absence of Cbl mutants were stimulated with SCF, and the amount of Kit receptor at the surface was analyzed by FACS at the indicated time points. Cbl mutants quite effectively inhibited the initial rapid rate of ligand-induced receptor internalization ( Figure 4C ; supplemental Figure 3A) . 
Cbl mutants alter signal quality after ligand stimulation of Kit
We then analyzed the effects of Cbl mutants on the quality, amplitude, and duration of Kit signaling ( Figure 4D-H) . Coexpression of Cbl-70Z or Cbl-R420Q with Kit receptors induced a stronger activation of the Akt and Erk pathways as indicated by phosphorylation of the respective signaling intermediates after 10 minutes ( Figure 4E ). Furthermore, Akt and, to a lesser extent, Erk were phosphorylated (ie, activated) even in the absence of growth factors ( Figure 4E ). No activation of intracellular signaling mediators was observed when the Cbl mutants were overexpressed alone ( Figure 4D ). In time course experiments, we observed a prolonged activation of Kit, Akt, and Erk activity up to 240 minutes after SCF stimulation in cells expressing Cbl-70Z or Cbl-R420Q ( Figure 4F-H) . In addition, Cbl-70Z expression led to autophosphorylation of the Kit receptor in the absence of any ligand ( Figure 4F ).
Kinase activity of Kit and Flt3 is dispensable for Cbl-70Z-mediated transformation
To elucidate the mechanism of transformation by Cbl mutants and Kit receptor, we generated 32D cells stably expressing KD mutants of Kit (Kit-D790N, Kit-KD) in the presence or absence of Cbl mutants. Analyzing the proliferative capacity of cells that coexpressed Kit-KD and Cbl-R420Q, we surprisingly found a subtle growth and survival advantage compared with Kit-KD alone ( Figure 5A-B) . This effect was more pronounced with Cbl-70Z. Interestingly, cells coexpressing Kit-KD and Cbl-70Z rapidly , and Cbl-70Z) were deprived from cytokines overnight and subsequently exposed to the indicated cytokines for 10 minutes. Cbl proteins were immunoprecipitated by anti-HA antibodies, and immunoprecipitates were resolved on SDS-PAGE. Coimmunoprecipitation of Kit was analyzed using anti-Kit antibodies. (B) Cbl mutants inhibit ubiquitination of Kit. COS-7 cells were transiently transfected with the indicated constructs together with a plasmid for HA-tagged Ubq. After 48 hours of transfection, cells were serum-starved for 12 hours and stimulated with 50 ng/mL SCF for 10 minutes or left unstimulated. Cell lysates were prepared and equal amounts of lysates were immunoprecipitated using anti-Kit antibody. The immunoprecipitates were resolved on SDS-PAGE and analyzed with anti-HA or anti-Kit antibodies. Expression of overexpressed Cbl mutants is shown in total cell lysates (TCLs) using anti-Cbl antibody. (C) Internalization of Kit is inhibited by Cbl mutants. The 32D cells stably expressing Kit in the presence or absence of different Cbl mutants were washed with PBS and then stimulated with SCF for the indicated time points. Subsequently, the amount of Kit remained on the cell surface was measured by flow cytometry after staining with a PE-labeled anti-Kit antibody. Sodium azide was used to stop the internalization. Results are expressed as mean Ϯ SD of 3 independent experiments. (D-E) Cbl influences Kit-mediated signaling. The 32D cells with and without Kit-WT were engineered to express the indicated Cbl proteins, deprived from cytokines overnight, and subsequently exposed to the indicated cytokines for 10 minutes. Western blot analyses with the indicated antibodies were performed. (F-H) Cbl proteins change the kinetics of Kit-phosphorylation and Kit-induced Akt and Erk activity. The 32D-Kit-WT cells stably transfected with the indicated Cbl proteins were treated as in panels D and E with the exception that they were exposed to SCF for the indicated time periods. Western blot analyses using phospho-specific antibodies for Kit (F), Akt (G), and Erk1/2 (H) were performed. proliferated and survived for extended time periods in the absence of exogenous growth factors ( Figure 5B-C) . We generated 32D cells that expressed KD Flt3 (Flt3-K644A, Flt3-KD) in the presence and absence of Cbl mutants. Interestingly, cells coexpressing Flt3-KD and Cbl-70Z also proliferated and survived growth factor independently ( Figure 5D-F) . We confirmed in viability assays (data not shown) and 3 [H]-thymidine incorporation assays that both KD receptors were not responsive to their respective ligand ( Figure 5C,F) .
To find out the signaling molecules supporting this transforming effect of Cbl-70Z, we examined Akt, Erk, and Stat pathways in 32D cell lines coexpressing Kit-KD or Flt3-KD and Cbl mutants. Surprisingly, we found ligand-independent activation of Akt only in the cells overexpressing Cbl-70Z in the presence of either of the KD receptors, but not in the cells overexpressing Cbl-R420Q or in the control cells ( Figure 6B ; supplemental Figure 3D ). There were no differences in Erk or Stat5 activation ( Figure 6B ). Importantly, inhibition of Akt activity by its respective inhibitor abolished the cytokine-independent growth of these cells ( Figure 6D ). The presence of Cbl-70Z conferred ligand-independent autophosphorylation to Kit-WT ( Figures 4F, 6A ), but we were not able to detect autophosphorylated KD receptors in the absence or presence of any dominant-negative Cbl mutant ( Figure 6A ). Furthermore, we analyzed the turnover of the KD Kit receptor by ubiquitination experiments, to understand the basic mechanism of degradation of this receptor. Interestingly, we did not observe basic levels of ubiquitination of the receptor, compared with the basic level of the unstimulated Kit-WT receptor ( Figure 6C ). Taken together, Cbl-70Z and Cbl-R420Q not only strongly synergized with unstimulated receptor tyrosine kinases with intact kinase function, but surprisingly also induce biologically meaningful signaling events emanating from kinase-inactive class III receptor tyrosine kinases.
SFKs are necessary for Cbl-70Z-mediated transformation
SFKs play an important role in intracellular signaling processes, for example, of cytokine receptors, which do not have tyrosine kinase activity. 46, 47 Because we had observed RTK activity-independent proliferation in cells overexpressing RTKs and Cbl mutants, we speculated whether SFKs could play a role in Cbl-70Z-mediated transformation. First, we analyzed the SFKs activation status in the presence of Cbl mutants. In 32D cells, we observed that some SFKs were already constitutively active in the absence of any growth factors; this activation was not further enhanced by IL-3 stimulation but was strongly enhanced in the presence of both Cbl mutants (data not shown). In addition, the overexpression of Kit in the presence of Cbl mutants showed a similar phosphorylation of SFKs irrespective of the kinase activity of the RTK ( Figure 7A ). Next, we examined the binding of Kit-KD, Cbl proteins, and SFKs. Immunoprecipitation experiments showed a constitutive association between phosphorylated SFKs and Cbl proteins in the absence of Kit ( Figure 7B left panel) . Surprisingly, immunoprecipitation of Cbl mutants resulted also in immunocomplexes with Kit-KD ( Figure  7B right panel) . Differences in the expression levels of Cbl mutants can be excluded as reason for the different phenotypical behavior of these mutants ( Figure 7B ; and data not shown). The association For personal use only. on August 15, 2017 . by guest www.bloodjournal.org From of Cbl mutants with Kit-KD was not enhanced by the presence of SCF. However Cbl mutants associated with KD Kit receptor, which could be a prerequisite for the transformation potential of Kit-KD together with Cbl mutants. To test this hypothesis, we used the well-established Src family inhibitors PP-1 and PP-2 and the more clinically relevant inhibitor dasatinib. 48, 49 Here, the phosphorylation of SFKs was completely inhibited in the presence of all Src inhibitors (supplemental Figure 3B) . In addition, PP-2 completely abrogated the interaction between activated SFKs and Cbl ( Figure  7C ). We checked which SFKs were expressed in 32D cells and defined their binding to Cbl. By immunoprecipitation, we showed that Fyn binds to Cbl in a phosphorylation-dependent manner, but not Lck, Hck, Src, Yes, and Lyn ( Figure 7D ; and data not shown).
Consistently, we observed in proliferation assays that cells coexpressing Kit-KD or Flt3-KD together with Cbl-70Z were unable to grow in the presence of PP-1 or PP-2 ( Figure 7F ). Next, we investigated the effect of the Src inhibitors on the clonogenic growth mediated by Cbl mutants. Importantly, the presence of Src inhibitor PP-2 significantly inhibited the clonogenic growth in the presence of Cbl mutants and Kit or Flt3 receptor ( Figure 7G ). It was of interest whether the constitutive Akt activation in cells coexpressing Kit-KD and Cbl-70Z was also suppressed by Src inhibitors. We hypothesized that SFKs might be activating the PI3K pathway either directly or by phosphorylating Cbl at tyrosine 731 (Y 731 ), which is known to be the PI3K binding site. 9 Dasatinib and PP-2 completely inhibited Akt activation and Cbl phosphorylation at Y 731 ( Figure 7E ; supplemental Figure 3C ), suggesting that SFKs are upstream of Akt and are critically involved in Cbl-70Z-mediated synergistic transformation.
Finally, we used imatinib (inhibitor of Kit) and dasatinib (inhibitor of Kit and SFKs) 49 to demonstrate the growth and survival mediated by Cbl mutants in the absence of Kit kinase activity. As shown in Figure 7H , dasatinib strongly inhibited the proliferation of Kit-WT (or Kit-KD) cells overexpressing Cbl-70Z, whereas imatinib reduced proliferation to a much lesser extent, most probably because imatinib does not inhibit SFKs.
Discussion
The RTKs Flt3 and Kit play an important role in leukemogenesis. [50] [51] [52] Approximately 25% of all AML patients carry mutations in Flt3, whereas Kit mutations are found less frequently. Kit mutations have been preferentially associated with the corebinding factor leukemias. 53 Activating mutations of Flt3 (such as Flt3-ITD and activating point mutations in the tyrosine kinase domain, Flt3-TKD) and Kit lead to aberrant signal transduction and have spurred considerable interest in the development of specific tyrosine kinase inhibitors for these RTKs. 34, 52, 53 Recently, we identified a c-Cbl mutation in an AML patient, which leads to a defective E3 ligase activity. This was the first Cbl mutation identified in human disease. 19 Several more additional mutations were subsequently found in c-Cbl and Cbl-b, [20] [21] [22] [23] [24] suggesting that Cbl mutations are recurring events in AML. Cbl mutations probably occur in other hematologic and solid tumors as well.
Cbl has been shown to degrade several RTKs, including the EGFR and PDGFR. 9, 26, 54, 55 Recently, we showed that Flt3 is degraded in a Cbl-dependent manner. 19 As shown here, the expression of Kit in myeloid 32D cells does not lead to cytokineindependent growth. However, in the presence of Cbl-R420Q or Cbl-70Z, Kit expression promotes cytokine-independent growth ( Figure 1A ). This effect can be enhanced after SCF stimulation. Similarly, coexpression of Kit with either Cbl-R420Q or Cbl-70Z promotes survival ( Figure 1B ) and proliferation ( Figure 1C ). In addition, coexpression of Kit and either of the Cbl mutants led to colony growth in the absence of growth factors (Figure 1D-E) . We observed similar effects with Flt3, 19 suggesting that this may be a general mechanism in most RTKs. For personal use only. on August 15, 2017 . by guest www.bloodjournal.org From
In a murine bone marrow transplantation model, we observed 2 distinct diseases with high penetrance and long latency ( Figures  2-3 ): a generalized mastocytosis and a myeloproliferative disease. In addition, 2 mice developed a myeloid leukemia with high leukocyte counts, splenomegaly, and organ infiltration by myeloid immature cells (Figure 3 ). Six mice developed mast cell sarcomas. A tantalizing explanation for the massive mast cell proliferation could be the typical expression of Kit in these cells. In our opinion, the long latency is very suggestive of secondary events (mutations, epigenetic changes) occurring. These may occur in different animals, at different times with different rates, explaining the variability of disease onset and death. Postmortem analysis of Cbl expression was not performed, as endogenous Cbl is widely expressed. As the Cbl mutants affect the stability of several intracellular and surface molecules, including Flt3 and Kit in these in vivo experiments, we were unable to pinpoint the contribution of the Cbl targets to the disease phenotype. Although unproven, the similarity of Cbl-70Z and Cbl-R420Q in disease development suggests a similar mechanism for both mutants. A recent report showed that hematopoietic stem cells from Cbl Ϫ/Ϫ mice have an increased pool size, are hyperproliferative, and show enhanced long-term repopulating capacity. 56 It is tempting to speculate that Cbl-inactivating mutations may promote similar function in leukemiainitiating cells. Importantly, Cbl Ϫ/Ϫ hematopoietic stem cells expanded more in the presence of SCF and thrombopoietin, which is explained by the fact that Cbl is the negative regulator of Kit and the thrombopoietin receptor (cMpl) and supports the validity of increased SCF responsiveness we observed in cells coexpressing Kit and Cbl mutants ( Figure 1C ). NUP98-HOXD13 (NHD13) fusion gene plays an important role in myelodysplastic syndrome and acute nonlymphocytic leukemia. Recently, an acquired Cbl mutation was shown in a Nup98-HoxD13 mouse model, which strongly supports the prominent role of Cbl mutations in vivo. 57 To our knowledge, the in vivo data presented in Figures 2 and 3 are the first in vivo evidence that a Cbl mutant identified from human malignancy is involved in disease pathogenesis. The minor differences observed between Cbl-R420Q and Cbl-70Z are within the variability of animal experimentation that we and others have observed.
It is well established that an intact RING domain is required for the E3 ligase activity of Cbl. 58, 59 Cbl-70Z and Cbl-R420Q have a disrupted RING domain and are E3 ligase defective. 19 Cbl-R420Q and Cbl-70Z therefore prevent ubiquitination and endocytosis of Kit ( Figure 4B-C) . We were interested to further clarify the mechanisms of transformation by Cbl mutants and performed a careful analysis of the signaling properties conferred by Kit in the presence or absence of Cbl mutants. These experiments revealed enhanced basal RTK autophosphorylation and prolonged ligandactivated MAPK and PI3K/Akt signaling in the cells expressing Cbl mutants and Kit ( Figure 4F-H) , which is in line with published data for EGFR, 60 PDGFR␣, 61 and Flt3. 19 However, we also observed basal activation of Akt and Erk ( Figure 4E-H) , which contrasts with data for Flt3, where no differences in Akt basal signaling were identified. 19 The reasons for this difference are unknown but may be the result of differences in Kit and Flt3 expression. In any case, as Akt activation has been shown to cause cytokine-independent colony growth, 62 this may partly explain why coexpression of Cbl mutants with Kit (in the absence of ligand) led to colony growth ( Figure 1D) . Coimmunoprecipitation experiments showed that Cbl mutants are part of a complex with Kit after ligand stimulation ( Figure 4A ). Importantly, Cbl-70Z (and to a lesser extent Cbl-R420Q) coimmunoprecipitated with Kit in the absence of ligand. This suggests a constitutive complex formation between Cbl mutants and Kit ( Figure 4A ), which was similarly observed for EGFR 60 and Flt3. 19 Our data reveal functional differences between Cbl-70Z and Cbl-R420Q. The loss of E3 ligase activity is more pronounced in cells expressing Cbl-R420Q than in those expressing Cbl-70Z ( Figure 4B ), whereas the consequences of expression of either Cbl mutant appear to be very similar in both the in vitro and in vivo experiments with primary murine bone marrow (Figures 2-3) . However, the biologic consequences of Cbl-70Z are more dramatic in cell culture experiments performed in 32D cells (Figures 1, 5-6 ). Further studies are necessary to decipher these differences between Cbl mutants, including the novel mutations that have been described since our initial observation [20] [21] [22] [23] [24] and have not yet been molecularly characterized. However, it is possible that conformational changes or differences in subcellular localization are involved.
We were interested in defining the kinase requirements of the Cbl mutants/RTK interaction. Importantly, although our data revealed that the biologic functions mediated by Kit and Cbl-70Z were in large part dependent on the receptor kinase activity, we observed a small but biologically dominant effect also of kinaseinactive Kit and Flt3 on cells expressing Cbl mutants ( Figure 5 ). Although it was not sufficient for cytokine-independent growth that the cells expressed Cbl-70Z, KD Kit ( Figure 5A -C), and Flt3 ( Figure 5D -F) synergized with Cbl mutants. It could be speculated that Kit or Flt3, which can be found to be in complex with the Cbl proteins, may act as a necessary scaffold. This is in line with a recent report that survival of cancer cells was maintained by EGFR independently of its kinase activity. 63 The yet unimpressive clinical outcomes of tyrosine kinase inhibitors for treatment of multiple types of cancer suggest that kinase-independent functions of RTKs may be a significant contributor for cancer progression.
Biochemical analysis demonstrated neither autophosphorylation (or ligand-dependent phosphorylation) of Kit-KD ( Figure 6A ) nor downstream Erk or Stat5 activation ( Figure 6B) . Similarly, Kit-KD was not ubiquitinated in response to SCF ( Figure 6C ). Finally, constitutive Akt activation seems to play an important role in cells expressing Kit-KD and Cbl-70Z ( Figure 6B,D) . Cbl has been shown to degrade SFKs by ubiquitination. 38, 64 Therefore, up-regulation of SFK activity in the presence of Cbl mutants could be explained by inhibition of their degradation ( Figure 7A ). In addition, we found Cbl-R420Q and Cbl-70Z in complex with Kit-KD and SFKs ( Figure 7B ). Inhibition of SFKs led also to Akt inhibition ( Figure 7E ), suggesting that SFKs act upstream of PI3K/Akt pathway as previously reported. 65, 66 SFKs activate Akt either directly or by phosphorylating Cbl at tyrosine 731, which is the binding site for the PI3K. 9 SFK inhibition with PP-1, PP-2, or dasatinib completely inhibited proliferation and clonogenic growth ( Figure 7F-H) . Previously, Fyn has been shown to bind and phosphorylate Cbl and to activate PI3K. 67 Our data show that the Src family member Fyn binds to Cbl ( Figure 7D ).
Kit inhibition with imatinib reduced the proliferation of cells overexpressing Kit-WT and Cbl-70Z stronger compared with cells expressing Kit-KD and Cbl-70Z ( Figure 7H ), but much lesser than dasatinib, which in addition inhibits SFKs. This indicates that Kit kinase activity is required but not essential. These findings are extending and complementing our previous findings. 19 SFKs therefore are crucial components of the complex formed by KD RTKs and Cbl mutants, and their inhibition prevents transformation.
Therefore, RTKs may not be the ideal target kinases for tyrosine kinase inhibitors in a Cbl mutation-driven disease. Instead, SFKs may be interesting target kinases, for which inhibitors are readily available. Dasatinib, for example, is a multitargeted kinase inhibitor of Brc-Abl, SFKs, Kit, PDGFR, and ephrin A receptor kinases. [68] [69] [70] It also emerged as a potent inhibitor of imanitibresistant protein tyrosine kinase activation loop mutants of Kit, and it is able to induce apoptosis in mast cell and leukemic cell lines expressing these mutations. 71 The data presented here demonstrate that SFKs play a critical role in the mechanism of transformation of Cbl mutants. AML blasts expressing Cbl mutants (or dysregulated Cbl function by other mechanisms) might be resistant to tyrosine kinase inhibitors targeted for Flt3 or Kit. Although direct Cbl mutations may be rare in AML, similar mechanisms in the RTK degradation machinery may be operational in a large proportion of AMLs. Further studies are required to determine whether kinase inhibitors targeted at both RTKs and SFKs may overcome this primary resistance to RTK inhibitors.
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